The etched enamel and enamel surface after tensile bond test were observed with use of SEM.
INTRODUCTION
The acid etching of the enamel surface that produces a modified surface is an essential procedure for improvement of adhesion between tooth enamel and dental restorative materials.
Buonocore1) first reported that pretreatment of enamel with 85% phosphoric acid for 30sec. increased adhesion of enamel to acrylic restorative materials. Subsequently, many acids such as 40%,2) 50%3) and 30%4) phosphoric acid, 50% citric acid,5) 20% lactic acid and 3 mol,7) 10%8) pyruivic acid have been reported to produce a marked increase in the bond strength of various dental materials to tooth enamel. Bowen9) developed a composite resin containing Bis-GMA, and carried out many studies on surface active comonomers that improved the adhesion between composite resin and hard tooth tissue. But he could not obtain good results without pretreatment of tooth with EDTA.10,11) Recently Anbar and Farley12) and Farley, Jones and Anbar13) found that the organic compound containing a phosphoric radical adhered strongly to enamel, when pretreatment with 30% citric acid for 15sec. was carried out. The 4-META resin, which was developed by Takeyama et al. 14) and Tanaka et al., 15) was found to adhere both to metal and tooth, but it required acid etching of tooth enamel with phosphoric or citric acid to obtain a stable adhesion when immersed in water for a long period. It was also reported that the new resin cement showed higher bond strength on etched enamel than on unetched enamel. 16) In spite of these recent developments in dental adhesive materials, acid etching of enamel is considered to be necessary to obtain a good adhesion between enamel and resin. 17 However, acid etching of tooth causes demineralization in normal enamel and may produce caries in the etched enamel not covered with a resin although a remineralization phenomenon is considered. 19) When the etching solution is in contact with vital dentin, damage to pulp may also occur in the recent total etching methods in which a whole cavity is etched.20) Therefore, the examination of etching solution that improves adhesion and the improvement of clinical procedures are essential for successful etching without damage to tooth.
This study was carried out on the acid etching technique to obtain further information for improving its clinical application. The surface of acid etched enamel and the enamel surface after tensile bond test were observed with a scanning electron microscope (SEM). In addition, the kind and the concentration of etching solutions, the time of acid etching and the kind of resinous restorative materials were examined for their effects on Ca dissolution, surface roughness and tensile bond strength after acid etching of enamel.
MATERIALS AND METHODS

Materials
Teeth
Sound human maxillary and mandibular premolars extracted for orthodontic treatment were used. The teeth were stored in a cooled physiological saline solution until tested.
Etching solutions
Four kinds of water soluble acids were used: (1) orthophosphoric, (2) citric, (3) citraconic, (4) pyruivic acid.
Restorative resins
One filled resin (Clearfil)* in two paste forms and three unfilled resins ((1) Clearfil Bonding Agent,* (2) Concise Enamel Bond,** (3) Epobond***) in two liquid forms were used.
Methods
Preparation of the test specimen
The root and lingual cusp side of the tooth crown were cut off and the facial cusp side was fixed with cyanoacrylate on the brass block which was used as an operating table for After being immersed in the etching solution, the window was washed under a stream of distilled water for 15sec. and dried with compressed air for 15sec. Then the measurement of arithmetical average roughness was carried out with a Kosaka Surfcorder Model SE-3C.* The cut-off and sampling length used were 0.8mm and 2mm respectively.
Measurement of tensile bond strength
After the measurement of the surface roughness, the teeth were fixed on the special apparatus which was designed to obtain an exact fitness of the window with the attachment (Figure 2 ).
The composite resin was mixed for 30sec. and filled in the attachment. Then the liquid resin was mixed for 10sec. and a drop of the mixture was transferred to the exposed enamel window except control and blown off with compressed air. After being filled with the composite resin, the attachment was placed on the window with a pressure of 1.11 Kg/cm2 ( Figure 3 ). The resin was allowed to set at room temperature for 3min. and the for more than 15sec. produced deep grooves at the cuspal side of the prism periphery, though the surface irregularity observed in the specimen etched with 40% phosphoric acid was small ( Figure 6 ). Among the etching solutions examined, citric acid showed the weakest effect on enamel, and etching time for more than 60sec. was necessary to form wider and deeper grooves at the prism periphery with any concentration. In case of etching with 40% citric acid, the prism core became hollow and the prism periphery projected with etching for 15sec., narrow cracks were formed at the prism periphery with etching for 30sec., wide and deep grooves were formed at the prism periphery with etching for 60sec. and the grooves at the prism periphery became wider and deeper with etching for 120sec. (Figure 7) .
Etching with 20% citraconic acid for more than 15sec. produced deep grooves at the cuspal side of the prism periphery and a projection of prism core was observed. In case of etching with any concentration other than 20% for 15sec., narrow cracks were formed at the prism periphery, whereas etching for more than 30sec. produced deep grooves at the cuspal side of the prism periphery ( Figure 8 ).
In case of etching with any concentration of pyruvic acid for 15sec., narrow cracks were formed at the prism periphery. Etching with any concentration other than 40% for more than 30sec. produced deep grooves at the cuspal side of the prism periphery. An obscure topography of the prism, preferential loss of prism core and the formation of the narrow cracks at the prism periphery were noted after etching with 40% pyruvic acid for more than 30sec. (Figure 9 ).
Observation of the enamel surface after tensile bond test with SEM
Resin tags were mostly fractured with few fractures of the composite resin itself or enamel.
Many scanning electron micrographs suggested the destruction between composite resin and liquid resin or the destruction of liquid resin itself in the samples applied with Concise Enamel Bond and Epobond ( Figure 10 ). Although the microstructure of enamel surface after tensile bond test was similar to interface failure when examined at a low power view, the fractured resin tags were observed only when examined at a high power view (Figures 11 and 12 ).
In some of the samples etched with citric acid for less than 30sec. and 40% pyruvic acid, many scanning electron micrographs were similar to etched enamel surface though the fractured resin tags were observed sporadically ( Figure 12 ). Table 2 is the result of the analysis of variance for Ca dissolution, and shows that each of the main and the interaction effects is highly significant at the 1% level. Figure 13 shows the estimate of the main effect of each etching solution. The confidence interval in the figure is 95% and the same interval applies correspondingly to the following figures. Among the four kinds of etching solutions, phosphoric acid showed the highest value of Ca dissolution, citraconic and pyruvic acid showed about a half of those of phosphoric acid and citric acid showed the lowest value, about a forth of those of phosphoric acid. Figure 14 shows the estimate of the main effect of acid concentration. The amount of Ca dissolution increased with an increase of acid concentration to the peak at 20%, then decreased. The regression curve, calculated from this relation, Y=33.79+5.277X-0.117 X2, is plotted in the figure. The test of significance proved to be highly significant at the 1% level. Figure 15 shows the estimate of the interaction effect of each acid concentration. Citric acid showed the maximum Ca dissolution at a concentration of 10%, though the other etching solutions showed at 20%. Pyruvic and phosphoric acid showed a significant decrease in Ca dissolution in the concentration range between 20 and 40% as compared with the other etching solutions. The regression curve of each etching solution is plotted in Figure 16 . The test of significance of each etching solution proved to be highly significant at the 1% level. Figure 17 shows the estimate of the main effect of etching time.
Measurement of the dissolved Ca
The amount of dissolved Ca increased linearly with an increase of etching time. Figure 18 shows the estimate of the interaction effect of etching time of each etching solution. Phosphoric acid showed the highest increasing rate with an increase of etching time for Ca dissolution, citraconic and pyruvic acid were about a half and citric acid was about a forth of that of phosphoric acid. Table 3 is the result of the analysis of variance for arithmetical average roughness, and shows that the main effects of kind of etching solution and etching time are significant at the 5 and 1% level respectively. Figure 19 shows the estimate of the main effect of each etching solution. The value of arithmetical average roughness decreased in the following order of phosphoric, pyruvic, citraconic and citric acid. Figure 20 shows the estimate of the main effect of etching time. The value of arithmetical average roughness increased linearly with an increase of etching time. Table 4 is the result of the analysis of variance for tensile bond strength, and shows that the main effects of kind and concentration of etching solution and etching time are significant at the 1, 5 and 1% level respectively. Figure 21 shows the estimate of the main effect of each etching solution. Citric acid showed the lowest value though the other etching solutions showed almost the same value. Figure 22 shows the estimate of the main effect of acid concentration. The value of tensile bond strength increased with an increase of acid concentration to the peak at 20%, then decreased. The regression curve, calculated from this relation, Y=140.3+2.02X-0.063X2, is plotted in the figure. The test of significance proved to be highly significant at the 1% level. Figure 23 shows the estimate of the main effect of etching time. The value of tensile bond strength increased with an increase of etching time.
If y symbolizes tensile bond strength, x1 amount of Ca dissolution and x2 arithmetical The test of significance of Ryx1• x2 proved to be highly significant at the 1% level although Ryx2• x1 was insignificant.
The regression was used to predict the tensile bond strength (y) from Ca dissolution (x1). The regression line of y on x1 was estimated as y=128.1+0.234x1 and the test of significance proved to be highly significant at the 1% level. In this study, the change of microstructure of enamel surface etched with 40% citric acid seemed to be the most typical alteration with etching time. In this change, the prism cores became hollow and the prism peripheries projected for the first time (I stage); then narrow cracks were observed between the cuspal side of the prism and the adjacent cervical side of the prism, that is, the head of the prism and the tail of adjacent prism. Such cracks were also seen at the boundary between the tails of adjacent prisms and were wider than those seen at the head of the prism (II stage). The above mentioned stages correspond to the I type as classified by Silverstone; in the next stage the cracks at the head of the prism became wider and deeper, and the head and tail of the prisms were surrounded by continuous grooves (III stage); further changes resulted in extreme dissolution at the cervical side of the prism head and the tail of the prism, where an elliptical head of the prism was seen, and wide and deep grooves were formed between the cuspal and the cervical side of the head of adjacent prism and the prism head projected (IV stage). The above mentioned stages correspond to the II type as classified by Silverstone.
As the above mentioned wider and deeper grooves are necessary for resin to flow and form a tag after polymerizing and hardening, it is easily seen that the bond strength increases with an increase of etching time.
The same changes were also observed according to the kinds of etching solutions . In case of etching with citric acid, the etching time for more than 60sec . was necessary to show the surface microstructure of III stage with any concentration . Therefore, it is seen that the bond strength with citric acid is lower than those with the other etching solutions . However, though the surface microstructure after etching with citric acid for 120sec . was almost the same as those after etching with the other etching solutions for 120sec . and among the acid concentrations clearer grooves were formed than in case of etching with the other etching solutions, the bond strength after etching with citric acid for 120sec. had a tendency to show a lower value than those of the other etching solutions. On the other hand, though citraconic acid had a tendency to show a lower value of arithmetical average roughness than those of phosphoric and pyruvic acid, it had a tendency to show a higher bond strength than the other etching solutions. These findings suggest that the chemical properties and polarities in the acid etched surface may differ among the kinds of etching solutions.
No remarkable differences were observed when the surface microstructure was examined after treatment with various concentrations of etching solutions, except that etching with 5% citric acid for 15sec. did not show any clear outline of the prism and the surface microstructure of stage III appeared after etching for 120sec., the cracks formed on surface etched with 40% pyruvic acid were narrow and the surface irregularity observed in the specimen etched with 40% phosphoric acid was small. Therefore, as indicated by Chow and Brown24), the differences in bond strength depending on acid concentration might be affected by the formability of different re-precipitates (dicalcium phosphate dihydrate or monocalcium phosphate monohydrate).
Though the Ca dissolution from re-precipitates is considered, the amount of Ca dissolution in this study can be considered simply as the total amount of mass dissolution of enamel with parallel to enamel surface and selective dissolution of the prism core or prism periphery. As the amount of Ca dissolution increased and the cracks formed at the prism periphery became wider and deeper with etching time, both mass and selective dissolution must increase with etching time.
In case of etching with citric acid, both mass and selective dissolution must be small because a stage III surface microstructure was not observed without etching for more than 60sec. with any concentration and the increasing rate of Ca dissolution with etching time was the smallest.
In case of etching with phosphoric acid, both mass and selective dissolution must be large because wide and deep grooves were observed with etching time for more than 15 sec. except 5%, and the increasing rate of Ca dissolution with etching time was the largest.
In case of etching with citraconic and pyruvic acid, both mass and selective dissolution might lie between those of phosphoric and citric acid because deep and wide grooves were not observed without etching for more than 30sec. except 20% citraconic and 40% pyruvic acid, and the increasing rate of Ca dissolution with etching time was between those of phosphoric and citric acid.
The surface microstructure etched with 40% pyruvic acid was considerably peculiar, showing a topography of I and II type or III type as classified by Silverstone with different etching time. The many reasons such as crystal orientation25), difference in size and electric charge of radicals of etching agent26), re-precipitation of dissolution products27) and residual organic matter in enamel28) have been considered for the formation of such surface. In this study, this may be due to the subtle differences in the enamel structure or the change in the dynamic process of the Ca dissolution and re-precipitation of the dissolved Ca with etching time, which seems to be caused by the influence of the undissociated acid and the dissociated ion in the etching solution. The formation of these re-precipitates might 4. Relationship between the amount of Ca dissolution, the surface roughness and the bond strength Nakagawa31) reported that the maximum peak of the Ca dissolution was around 20% and the bond strength reached a constant value at a concentration of more than 20% when the bovine enamel was etched with 1, 5, 10, 20, 50 and 65% phosphoric acid for 30, 60 and 180sec. On the other hand, Ohsawa7) examined the Ca dissolution using enamel tablet and the bond strength using human central incisor, and found that the Ca dissolution and bond strength showed a relatively similar tendency among the same kinds of etching solutions but there was no tendency between them among the different kinds of etching solutions, and the bond strength showed a marked difference among the different kinds of etching solutions when the same amount of Ca dissolution was obtained.
It is difficult to compare directly the relationship between the Ca dissolution, the arithmetical average roughness and the bond strength obtained from each experiment because the experimental materials and methods are different from each other. But in this study, there was a statistically significant relationship between the bond strength and the Ca dissolution though not between the bond strength and the arithmetical average roughness.
It is said that the rougher the surface becomes, the smaller the contact angle becomes 
Observation of the enamel surface after tensile bond test
In the tensile bond test, the places where the destruction occurs between enamel and resin are considered as follows: 1. the interface failure between resin and enamel; 2. the cohesive failure within resin; 3, the cohesive failure in enamel and 4. the mixed type failure listed in 1, 2 and 3.
In this study, there were four cases in which the enamel was peeled off from the dentin and destroyed, and two cases in which the composite resin was destroyed and covered the enamel completely, and in other cases the destruction left more or less fragments of resin within enamel. In the last case, the subtle destruction in enamel was considered where the fractured resin tags remaining in the cracks that were formed in acid etched enamel and enamel around them were observed at the same time. In this study, the microstructure of the enamel surface after tensile bond test showing a bond strength of 60-70Kg/cm2 was very similar to the surface of acid etched enamel and suggested the interface failure by the examination at a low power view but the scattering fragments of fractured resin tags were observed only when the examination was made at a high power view. As the number of sample which showed such a microstructure of enamel surface after tensile bond test became fewer with an increase in bond strength, the bond strength is considered to owe mainly to the resin tag.
A considerable amount of resin remnants like an island in enamel was observed on the enamel surface after tensile bond test of samples applied with Concise Enamel Bond and Epobond. In this study, after applying liquid resin the excess was blown off with an air gun to make it thin layer. But as compared with Clearfil Bonding Agent in which the solvent is pre-evaporated, it seems that these liquid resin layers are of uneven thickness. Also, there seems to be a difference in the affinity between composite resin and liquid resin as pointed out by Satoh et al.45) From these reasons, the remnants like an island may occur, suggesting the destruction between composite resin and liquid resin or of liquid resin itself. But the high bond strength was obtained even in the sample in which the above mentioned microstructure was observed. The bond strength of 212Kg/cm2 was obtained with Epobond ( Figure 10 ).
Clinical consideration
Comparison of four kinds of etching solutions used in this study will be described as follows for the clinical application. Phosphoric acid showed a high bond strength though it dissolved a large amount of tooth Ca. Though citric acid dissolved a small amount of tooth Ca, it showed a smaller bond strength than the other three etching solutions. Consequently, the good adhesion is attained in short time with relatively smaller damage to enamel when the etching is carried out with 15 to 25% of citraconic and pyruvic acid for 30sec. Though the acid etching time of 15sec. seems to be sufficient for the cavity which is surrounded by cavity walls and hardly receives the external forces such as occlusal force, the prompt decision cannot be made due to the problem of marginal sealing in cavity5 Moreover, as compared with pyruvic acid, citraconic acid is more suitable for the use in oral cavity because pyruvic acid has a strong smell.
CONCLUSIONS
In this study, the acid etched enamel surface and enamel surface after tensile bond test were observed with use of SEM and, as a newly designed experimental procedure, measurements of dissolved Ca, surface roughness and tensile bond strength were carried out on one tooth. The following results were obtained.
1. The observation of the acid etched enamel surface with use of SEM revealed that the prism core became hollow at first. Then narrow cracks were formed at the prism periphery and became wider and deeper. Consequently, the irregularity of etched enamel surface increased with an increase of etching time. Citric acid showed the weakest effect on the enamel surface among four etching solutions examined, wide and deep grooves were not observed without etching for more than 60sec. with any concentration of the etching solution. Morphology which was caused by treatment with 40% pyruvic acid for more than 30sec. showed various appearances.
2. Among four kinds of acid etching solutions, phosphoric acid showed the high value for all of Ca dissolution, arithmetical average roughness and tensile bond strength. Citraconic and pyruvic acid showed almost the same value as phosphoric acid for tensile bond strength and arithmetical average roughness though the value for Ca dissolution was about a half of phosphoric acid. Citric acid showed the lowest value for Ca dissolution, arithmetical average roughness and tensile bond strength.
3. For Ca dissolution and tensile bond strength, all etching solutions showed a tendency drawing a curve of second degree with a maximum value at a concentration of about 20%. Pyruvic and phosphoric acid showed a remarkable decrease in Ca dissolution in concentration range between 20-40% as compared with the other etching solutions.
4. The value for Ca dissolution, arithmetical average roughness and tensile bond strength increased with an increase of etching time in all etching solutions examined. For Ca dissolution, phosphoric acid showed the highest increasing rate with an increase of etching time, citraconic and pyruvic acid showed about a half and citric acid about a forth of that of phosphoric acid.
5. For tensile bond strength, no statistically significant differences were observed in the resinous restorative materials used. 
